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FOREWORD 


This  report  vu  prepertd  in  the  Laboratory  of  Aviation  Paycholofly  of  tha  Ohio 
State  Univertity  under  WAX  Contract  Bo.  AF  33(6l6)-552U*  Ihie  contract  ia  ad- 
ainlftered  under  the  direction  of  the  Bavigation  Branch  (WCLOGBA),  Veapone  Guidance 
Laboratory,  Wright  Air  Developaent  Center,  Air  Reeearch  and  Developnent  Ceanaad, 
Wright^Patterson  Air  Force  Base,  Ohio.  Lt.  N.  H.  Reiss  (WCLOGBA)  has  served  as 
Project  Engineer.  The  research  reported  herein  was  in  response  to  Supplenent  Bo. 

2  of  Contract  !lo.  AF  33(6l6)-552U. 
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AM  IMITIAL  EVALUATIOM  OF  A  VIBRDTACTILE  DISPLAY  II  CXMPLEX  OOFTHDL  TASKS 


1h«  initial  phases  of  an  intarplanetaiy  space  flight  can  be  expected  to  place 
the  huMan  under  a  considerable  aaount  of  environaental  stress.  High  G>forccs  re> 
suiting  froa  rapid  acceleration,  for  exa^;>le,  are  known  to  disturb  a  nuaber  of 
physiological  processes.  To  the  extent  that  such  stressful  conditions  reduce  the 
capability  of  the  huaan  to  perfora  nonaally  the  functions  required  of  hia  in  the 
vehicle,  ways  a\ist  be  found  to  adapt  the  aachine  coaponents  to  huaan  liaitations 
tmder  these  adverse  conditions. 

Vtatever  aan's  part  aay  be  in  the  control  of  the  vehicle,  it  is  probable 
that  he  will  receive  and  process  soae  fora  of  sensory  input  inforaation  on  the 
position  of  the  vehicle  in  space.  Under  noraal  circuastances  the  visual  sense 
channel  is  aoet  frequently  used  for  this  purpose.  Unfortunately,  the  visual 
systea  is  one  of  those  aost  adversely  affected  by  environaental  stresses  such  as 
G-forces  (7).  Therefore,  the  problea  arises  as  to  the  best  asthod  of  overcoaing 
this  visual  sense  deficiency.  The  approach  taken  in  the  present  research  was  that 
of  considering  an  additional  sensory  systea  which  aight  be  used  as  a  svdMtitute 
for  the  visual  systea  under  high  G  stress  conditions.  For  a  nuaber  of  reasons 
discussed  elsewhere  (2),  as  well  as  its  probable  resistance  to  0  effects,  the  Uc- 
tual  systea  appeared  to  be  the  only  possibility  worthy  of  investigation.  In  the 
studies  described  below,  therefore,  a  systeaatic  atteapt  was  aade  to  deUraine 
how  adequately  the  tactual  systea  aight  serve  in  perfontii^  cerUln  fvsKtions 
noneally  assigned  to  vision. 

Several  reports  have  appeared  recently  which  deaons irate  the  capability  of 
the  Uctual  systea  to  decipher  inforaation  encoded  into  discrete,  aultidiaensional 
vibratory  signals  (2,  3).  The  present  inUrest,  however,  was  in  the  control  of 
continuous  signals  using  the  VibroUctile  display  node,  a  task  aore  siailar  to 
those  encountered  in  vehicular  control. 

In  all,  three  investigations  were  undertaken.  The  first  was  concerned  with 
the  general  feasibility  of  the  vibrotactile  systea  as  a  display  channel  and  with 
the  deUraination  of  paraaeUrs  of  particular  InUrest  for  further  investigation. 

In  this  work  three  coapensatory  displays  were  coapared  under  conditisMi  considered 
to  be  least  favorable  to  the  Uctual  aode.  The  displays  were  (a)  an  optiaua 
visual  situation  providing  continuous  display  of  the  error  between  ii^t  and  re* 
sponse  signals,  (b)  a  discreU,  three-eleaent  visual  display  indicating  only  on* 
target  and  directional  error  inforaation,  and  (c)  a  vibratory  analog  of  the 
discreU  visual  display.  The  second  study  was  an  exUnsion  of  the  first  to  a 
situation  acre  nearly  approximating  the  aachine  dyneales  exptcUd  In  the  initial 
phases  of  InUrplanetary  space  flight  Specifically,  the  dlspliy  coeparlsons 
were  aade  under  two  levels  of  aiding  in  a  second-order  control  systea*  quickening 
and  quickening  plus  display-aiding  (r  ^^rqulckening)  (1,  6).  In  the  third  ituefy 
an  attempt  was  aade  to  delcraine  the  feasibility  of  a  vibratory  display  In  which 
apparent  aoveaent  (the  so-called  »phl  effect*)  was  used  to  indicaU  direction  of 
systea  error. 
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EXPERIMEirr  1 


Tie  first  cxperiBcnt,  like  the  second  and  third,  was  conducted  vinder  normal 
l-O  conditions.  The  over-all  goal  of  the  three  studies  was  to  exaaine  a  display 
■ode  vnich  could  be  effective  tinder  high  G  conditions.  However,  prior  to  test 
under  such  conditions  it  was  felt  desirable  to  exaaine  the  vibrotactile  display  in 
a  streb  -free  environnent  with  the  understanding  that  should  the  vibratory  display 
b«  inefic^tfve  in  these  "ideal"  conditions,  further  investigation,  as  in  a  centri¬ 
fuge,  would  not  be  necessary. 


Method 

St^jects. — Two  aeabers  of  the  Laboratory  staff  served  as  subjects  (Ss).  Both 
had  had  previous  experience  with  visual  tracking  tasks  in  the  LaboratoryT 

Apparatus. — The  Ss  atts^jted  to  null  error  through  Type  0  or  positional  dy- 
nanics  in  a  one-diaenaional  tracking  task.  Control  signals  were  generated  by  S  via 
a  spring-centered  control  column,  and  S  received  information  on  system  error  via 
one  of  three  displays:  a  continuous  visual  display,  a  discrete  threc-clesMnt  visual 
display,  or  a  discrete  three-element  vibrotactile  display.  The  continuous  display 
consisted  of  a  fixed  reference  line  and  a  partially  overlapping  cursor  line  on  a 
cathode  ray  tube.  The  position,  velocity,  and  accelerations  of  the  cursor  reflected 
compsurable  Information  on  system  error.  The  discrete  visual  display  consisted  of 
three  6-v.  lamps  arranged  in  a  horixontal  line,  khen  the  effects  of  S*a  control¬ 
ling  responses  resulted  in  near-zero  system  error  (on  target)  the  cenler  light  was 
automatically  actuated;  an  error  to  the  "right"  caused  the  center  light  to  be  ex¬ 
tinguished  and  the  right  lamp  was  actuated}  and  sui  error  to  the  "left"  actuated 
the  left  lamp.  The  discrete  vibroUctile  display  consisUd  of  three  Independent, 
mechanical  vibrators  mounted  in  a  harness  and  arranged  in  a  horisontal  line  7  in. 
apart  on  S*s  chest.  The  vibrators  were  6-v.  relay  coils,  khen  the  coil  was  ac¬ 
tivated  by  110-v.  a.c.  current,  a  tempered  steel  spring  was  set  in  vibration  at 
60  cps.  A  spherical  plastic  button  vat  aouated  on  the  armature  spring  and  the 
button  transmitted  the  vibration  to  the  tactual  receptors  on  SU  chest.  The  rapid 
switching  required  for  both  the  discrete  visual  and  vibrotactile  displays  was  ac- 
coaplished  by  an  electronic  voltage  comparator,  khen  the  voltage  representing 
system  error  was  within  lOjK  of  the  total  range  of  the  input  signal,  the  center 
light  (or  vibrator)  was  activated.  Voltages  exceedli^  this  on-tar^t  rai^  acti¬ 
vated  ome  of  the  other  lights  (or  vibrators)  depending  on  the  direction  of  systea 
error.  The  input  signal,  a  sinusoid  of  5,  10,  or  15  cpm,  was  callbraUd  to  achieve 
a  Baxisnai  excursion  of  ±2  in.  on  the  continuous  (CRT)  visual  display.  The  control- 
display  sensitivity  was  set  such  that  control  colvan  deflections  of  t6.6  deg.  ware 
required  to  aatch  the  input  voltage. 

PMjeedwe.— -Both  Ss  received  training  on  each  of  the  three  displays  with  the 
5-cpa  Inpui  until  aiyi^totic  perforaance  was  indicited.  Both  Ss  then  experienced 
20  25‘‘Stc.  tracking  trials  on  each  of  the  three  display  conditions  with  each  of 
the  three  inputs  (slngit  sinusoids  of  5,  10,  and  15  cpa).  The  perforaance  metric 
employed  was  the  Integrsl  of  the  absolute  value  of  system  error.  Integration  was 
carried  out  over  the  final  20  sec.  of  each  ^‘^-sec.  trial  In  order  to  avoid  scorir^ 
performance  during  the  initial  5* sec.  transient  period.  The  perforaance  metric  is 
identified  as  average  error. 


Rtsults  and  Diicmslon 


The  Major  results  of  Exp.  I  are  fUBMariaed  In  Fig.  I  where  tracking  accuracy 
is  shown  as  a  function  cl  input  frcqtiency  and  display  node.  Each  point  in  Fig.  1 
is  the  c''itlwietic  aean  of  20  25-#ec.  tracking  trials  (10  trials  per  S). 

Several  i^x>rtant  fiivllngs  are  apparent  froa  visual  inspection  of  Fig.  1. 

First,  as  shown  in  previous  research  (5)  perfonance  in  this  tracking  task  deteri¬ 
orates  with  Increases  in  input  frecfuency  for  all  three  display  Modes.  Second, 
perfomance  with  the  vibratactile  display  is  co^»arable  to  that  with  the  discrete 
visual  displi^  for  an  ininit  of  $  cpM.  However,  for  the  higher  frequency  inputs, 
performance  with  the  vibrotactile  displigr  deteriorates  relatively  more  than  with 
the  discrete  visual  display,'.  Finally,  there  appears  to  be  a  constant  difference 
between  performance  levels  on  the  two  visual  displays  with  the  continuous  display 
being  superior  for  all  ii^ut  frequencies. 

The  latter  result  was  expected  since  a  continuous  display  provides  S  with  in¬ 
formation  on  the  direction,  magnitude,  velocity,  and  acceleration  characteristics 
of  system  error,  while  the  three-element  display  can  show  S  only  the  directiwi  of 
error.  Since  the  higher  derivatives  of  system  error  must  be  displayed  In  ortiler 
that  S  may  anticipate  future  sutes  of  system  error,  it  is  not  surprising  that 
perforaance  was  inferior  on  displays  lacking  this  information.  This,  then,  could 
account  for  the  superiority  of  the  continuous  display  over  the  discrete  visual 
display,  but,  ofwe  nay  ask,  what  could  account  for  the  inferior  perforaance  levels 
shown  with  the  vibrotactile  display  compared  to  the  discrete  visual  displey  at  the 
higher  frequency  inputs?  Both  displays  consisted  of  three  elements,  and  the  same 
co^Murator  circuit  was  esqaloycd  to  activate  the  two  discrete  displays.  Thus,  the 
two  modes  did  not  differ  in  physical  characteristics.  One  might  expect  that  dif¬ 
ferences  in  the  reactions  of  the  two  sensory  systems  themselves  to  external  stimu¬ 
lation  could  account  for  the  observed  perforaance  differences.  However,  both  the 
visual  and  the  tactual  sensory  systems  discriminate  spatially  oriented  stimuli, 
and,  further,  reaction  tiaes  to  vibratory  stimuli  arc  actually  shorter  than  to 
visual  stimuli. 

It  would  appear  that  past  experience  may  be  the  critical  factor  which  accounts 
for  the  superiority  of  a  discrete  visual  display  compared  to  the  analogous  vibra¬ 
tory  display.  The  data  contained  in  Figs.  2  and  3  are  quite  suggeative  of  such  a 
conclusion.  It  may  be  recalled  that  prior  to  the  recording  of  data  shown  In  Fig.  I, 
both  Ss  received  enough  training  on  all  three  displays  to  bring  performance  to 
asymptotic  performance  levels  for  Uwi  S^cym  It  is  obvious  from  Figs.  2 

and  3  that  the  amount  of  such  training  was  least  for  the  continuous  visual  display, 
somewhat  greater  for  the  discrete  visual  display,  and  greatest  for  the  vibrotactile 
display.  Further,  with  sufficient  training  S  could  achieve  a  performance  level  on 
the  vibratory  disptay  coaparalbic  to  that  with  the  discreu  visual  display  (see  the 
data  of  Subject  l,  Fig.  2).  Thus,  there  is  reason  to  assume  that  had  sufficient 
training  been  given  on  the  vibrotactile  display  for  inputs  of  W  wSSTlS  epm,  per¬ 
formance  levels  could  have  been  brought  down  to  those  levels  found  for  the  discrete 
visual  display  at  the  same  input  frequencies. 


lu  is  apparent,  then,  that  with  only  moderate  aawwirits  of  training  a  vlbrotac- 
tile  display  permits  controiiinr,  accuracy  comparable  to  that  with  a  (discrete) 
visual  display  for  ir^ui's  vilh  frequency  characteristics  in  the  ultra  low  part  of 
the  spectrta#  fS  zpm  or  less).  Fir  systems  subject  to  Ir^ts  of  higher  frequency, 
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Fig.  2.  Tracking  error  as  a  function  of  practice  for 
three  diipliy  nodes  (5  epn  Input  frequency  only).  Subject 
1  of  Exp.  I. 


the  vlbrotactilc  display  is  not  a  satisfactory  aoda  unltsa  txUndcd  training  is 
enployad.  The  prasent  data  do  not  indicate  hov  auch  training  would  be  required, 
but  it  nay  very  well  be  quite  extensive. 


EXPERIMEJfT  II 


The  conditions  eaployed  in  Exp.  I  ware  selected  so  aa  to  evaluate  the  vibro> 
tactile  display  in  a  aost  staple  control  task,  one  involving  no  dtfnaaics  between 
the  c<mtrol  task,  one  involving  no  ctynaaics  between  the  control  coliavi  and  the 
inforaation  display.  This  is  an  unrealistic  systea  since  all  control  tasks  in¬ 
volve  soae  dyaaBi<:’<  Ihirther,  the  conditions  eaployed  in  Exp.  I  placed  both  the 
vibrotactile  and  the  discrete  visual  display  nodes  at  a  disadvantage  coapared  to 
the  continuous  visual  display,  ki  indicated  above,  S  aust  estiaate  higher  deriva¬ 
tives  in  the  input  signal  in  order  to  anticipate  future  control  coluan  displaee- 
aenti.  Since  the  discrete  displays  provided  hia  only  with  tnfornati«a  relative 
to  the  direction  of  systea  error,  it  was  expected  that  accuracy  with  both  discrete 
displayi~would  !>e  inferior  to  that  with  a  centtnuous  display  which  provides  S  with 
inforaation  not  only  on  direction  of  systea  error  but  on  aagnitude,  velocl^7  •h^ 
acceleration  aspects  as  well. 

For  these  reasene,  it  was  desirable  te  further  evaluate  the  vibrotactile  dis¬ 
play  bcmSs  relative  to  a  conttnuoue  visual  aad  a  discrete  visual  display  in  a  con¬ 
trol  systoa  (a)  which  Involves  reprisentative  d^rnaaici  between  S*s  cenirol  celwan 
and  the  inforaation  display  and  (b)  Which  roaovts  the  need  for  ?  U  estiaate  higher 
derivatives  fn  the  Input  signal.  ** 


Hethod 

SabJac  j.— Four  experienced  Ss  each  ifidad undv  a  total  of  18  display-input 
control  mintlone* 

itaaaratue.— Tho  smo  control  device  and  InfocsMitlan  displays  stadlad  In  Isp. 
I  wefoesposyod  In  the  preaent  Hawivif,  here  S  waa  required  to  enorctse 

control  through  Type  11  or  accoloratton  %wics.  whtreai  a  poolttonal 

defltctiea  af  the  control  coiwi  in  £igs«  I  rofulted  tn  a  chonn  In  Hit  pooitton 
of  the  cursor  Con  the  centlnuoue  visual  displiy)*  a  tfatlar  retponie  Iti  Hio 
present  systen  would  result  in  a  eenelaiii  aeceltration  af  the  ewrsar  Con  the 
conttnuoui  visual  display),  these  qyisaifei  were  acfilevtd  ly  Inetfiltii  two  HMMlog 
Inttfrators  between  the  control  colunn  and  infoMaiton  dttpliy  as  shown  tn 
Fig.  Irti. 

tn  order  to  relax  the  requiroaoni  that  S  eiiloiie  htgher  dertvattves  in  the 
input,  the  qwlchontni  prineipie  il)  wae  apnlTtd  to  the  feedbock  tipwil  at  slMnni 
in  Fig.  !ib.  Vlth  i  quickened  feedback  syit4ia  |  tuted  laie  hit  eontrol  coIwom  de* 
fiexitont  on  only  the  direcitw  nfid  iMtiiitiiiieoui  aaiiitiuii  of  dtipliyad  ertof « 
ti  vat  expected,  ihetefore,' Uiat  a  discrete  InfoniuoaTOpliiy  could  be  at 
effective  as  a  contifwioui  display  since  dtrecitonai  and  a  eeftiin  aaomt  of  sag* 
filiude  tnfoinktittn  are  apparent  on  a  discrete  di^iiy  as  on  a  tmitmam  prtten* 
tatlofi. 

However,  a  three-eleaent  discrete  displiy  can  provide  accurate  luigfillude 
iftfotuiition  only  if  urn  site  of  the  error  signal  is  hear  tero  a  second 
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Fig.  I4.  The  tracking  system  dynaaics  (a),  the  quickening 
of  the  systea  (b)|  and  the  si^er  quickening  procedures  (c)  ea- 
ployd  in  Exp.  II. 
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condition  vms  taployed  which  provided  a  situation  in  which  S  was  required  to  base 
his  control  coluan  deflections  on  only  the  direction  of  displayed  error.  Fig.  Uc 
illxistrates  how  this  was  accomplished.  In  tkis  condition  not  only  was  the  feed¬ 
back  signal  subjected  to  quickening,  but  display  aiding  was  eaployed  also.  Thus, 
by  subjecting  the  error  signal  to  a  phase  advance  transforaation,  one  aakes  it 
possible  to  provide  S  with  all  the  inforaation  necessary  to  tracking  via  a  siaple 
three-element  display  as  only  directional  information  needs  to  be  considered. 

Rund  et  al.  (6)  refer  to  the  system  in  Fig.  Uc  as  a  super  quickened  system. 

Procedure.— A  total  of  l6  experimental  conditions  was  generated  by  all 
possible  combinations  of  three  display  modes  (continuous  visual,  discrete  visual, 
and  discrete  vibrotactile),  two  feedback  conditions  (quickened  and  super  quickened), 
and  three  input  signals  (single  sinusoids  cf  2,  h,  end  8  cpa).  Each  S  received 
trainif^  on  each  of  the  18  conditions  lontil  asymptotic  performance  was  attained. 
Following  this,  an  additional  set  of  10  UO-sec.  tracking  trials  on  each  condition 
provided  the  empirical  data.  Performance  was  scored  only  over  the  final  30  sec. 
of  each  UO-sec.  trial.  Each  S  e}q>erienccd  the  l8  conditions  in  a  different  random 
sequence  to  avoid  systematic  Bias  in  the  results. 

Results  and  Discussion 

The  results  of  tracking  with  a  quickened  displvy  are  summarized  in  Fig.  $, 
while  Fig.  6  contains  the  results  obtaiiMd  with  a  st^r  quickened  display.  As 
was  the  case  in  E)qp.  1,  an  increase  in  input  frequenqr  resulted  in  a  deterioration 
of  tracking  accuracy  for  all  three  display  sMdes.  Hoover,  the  use  of  quickening 
and  super  quickening  procedures  reduced  the  differences  between  the  three  displey 
modes.  This  is  especially  true  of  sqper  quickening  where  not  only  is  the  relative 
deterioration  of  tracking  higher  frequency  inputs  via  a  vibratory  display  less 
severe,  but  also  the  discrete  visual  displey  is  comparable  to  the  continuous  dis- 
plaiy  at  all  input  frequencies  studied. 

Thus,  it  is  apparent  that,  as  predicted,  quickening  and  super  quickening  im¬ 
prove  the  accuracy  of  tracking  for  both  the  discrete  visual  and  the  vibrotactile 
display  relative  to  that  possible  with  the  continuous  visual  displey.  Further, 
a  higher  level  of  accuracy  is  possible  with  the  vibratory  display  when  used  in  a 
sxxptr  quickened  system  than  when  employed  in  less  sophisticated  control  tasks. 

Since  it  may  be  asstseed  that  the  operator's  control  task  in  a  space  vehicle  will 
be  designed  with  advanced  concepts  from  both  the  engineering  and  hMMui  factors 
point  of  view,  it  is  apparent  that  a  vibrotactile  display  could  provide  an  ef¬ 
fective  mode  for  the  presentation  of  control  information.  Again,  liowever.  It 
must  be  acknowledged  Uiat  even  in  a  super  quickened  system,  the  vibratory  displey 
was  not  particularly  effective  at  input  frequencies  above  the  ultra  low  frequency 
range  (0  to  $  cpm). 


EXPERlKElfT  111 


The  third  and  final  study  in  this  scries  was  an  att4Mpt  !o  explore  the  umc- 
fulness  of  apparent  motion  generated  with  a  vibratory  display  Apparent  motion 
in  the  visual  mode  can  be  achieved  try  sequentially  activating  two  or  more  spa¬ 
tially  separated  lights,  this  so-called  phi  effect  Is  employed  widely  in  adver¬ 
tising-  In  the  present  case  a  comparable  experience  can  be  achieved  by  aliirnatily 
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Fig.  5.  Tracking  accuracy  as  a  function  of  Input  frequency  for 
three  display  aodcs  in  a  quickened  control  systea.  Exp.  12. 
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studied  in  111. 


activating  two  vibrators  on  the  chest.  In  vibratory  phi  S  experiences  apparent 
■oveaent  on  the  skin  between  the  two  vibrators. 

In  order  to  provide  S  with  a  vibratory  phi  experience  a  fourth  vibrator  was 
mounUd  on  the  lower  chest  to  fora  a  T  patUm  (see  Fig.  7).  The  vibrator.  Indi¬ 
cated  as  F  In  Fig.  7,  was  alternately  activated  with  one  of  the  three  vibrators 
R,  0,  L.  ~If  S  was  "on  target,"  vibrators  F  and  0  were  activated  alternately}  if 
S  was  off  target  to  the  left,  vibrator  L  was  alternately  activated  with  F,  etc. 
Thva,  S  experienced  apparent  aovement  across  the  chest  in  a  vertical  direction 
when  on  target,  and  during  off-target  periods  the  line  of  aiovcment  was  "tilted" 
to  the  right  or  the  left  depending  on  the  direction  of  systea  error. 

Hethod 

Subject.— One  highly  skilled  tracker  served  in  this  research. 

Apparatus.— The  saae  super  quickened  system  utilized  in  Exp.  11  was  employed 
in  the  present  sUay.  The  same  threc-clcment  vibratory  display  employed  in  both 
Eiqps.  1  and  11  was  used  here  for  comparison  with  a  four*tlemcnt  vibratory  display 
which  was  designed  to  provide  the  vibratory  phi  effect.  In  order  to  produce 
vibratory  phi  It  was  necessary  to  control  accurately  the  rate  of  alternation  be¬ 
tween  vibrator  F  and  vibrators  R,  0,  or  L  (see  Fig.  7).  One  Tektronix  wavefoni 
generator  {Typc‘*16?}  and  two  Telttronix  eTeetronic  pulse  generators  (type  161)  were 
used  for  precise  timing.  The  waveform  generator  triggered  the  pulse  generators 
which  in  turn  activated  relays  which  permitted  the  operation  of  the  appropriate 
vibrators-  The  Tektronix  apparatus  permits  one  to  vary  several  aspects  of  the 
vibratory  display,  (a)  the  duration  of  tht  individual  "bursts"  of  vibration, 

(b)  »Jhe  temporal  ceparatlon  between  lursts,  and  Ic)  the  altemaiifng  tequenee  of 
bursts 

In  order  to  produce  Ffii,  the  above  three  temporal  aspects  were  set  as 
follows,  (a)  duration  of  esch  burst  was  set  at  >0  msec  ,  ib)  separation  between 
the  first  and  second  burst  Cas  between  aciivatton  of  vibrator  o  and  vibrator  F 
in  Fig  7)  was  set  at  msec  ,  and  (c)  separation  between  pairs  of  bursts  was 
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set  at  25  Msec.  The  necessity  to  separate  the  initiation  succeeding  bursts  in 
a  sequence  by  25  asec  Introduces  a  transaisslon  lag  into  the  tracking  systea. 

Thus,  it  would  not  be  appropriate  to  coapare  the  vibratory  phi  display  directly 
with  the  three-eleaent  vibratory  display  used  earlier  in  Exps.  1  and  II  since 
that  earlier  display  was  lag-free.  In  order  to  avoid  confounding  the  effects  of 
phi  and  the  effects  of  lag,  the  vibratory  phi  display  was  coapared  to  a  threc- 
eleaent  vibratory  display  identical  to  that  eaployed  in  Exps.  I  and  II  with  the 
exception  that  each  vibrator  could  be  activated  for  only  50  asec.  and  then  all 
vibration  was  absent  for  50  asec.  after  which  vibration  could  be  experienced  for 
another  50-asec.  interval,  and  so  on.  This  was  achieved  by  reaoving  vibrator  F 
(see  Fig.  7)  froa  the  display  circuitry.  “ 

Procedure  .—The  S  received  a  considerable  aaount  of  e.rperience  with  vibra¬ 
tory  phi  <iuring  the  calibration  runs  which  preceded  the  experiaent  proper.  Follow¬ 
ing  the  calibration- training  period  S  tracked  a  series  of  30-sec.  trials  under 
eight  conditiorut.  The  conditions  were  determined  by  all  possible  coabinations  of 
(a)  dlsolny  characUrlstlc  (a  vibratory  phi  display  vs.  a  three-eieaent  vibratory 
displi^},  lb)  display  locus  v  the  chest  vs.  the  back),  and  (c)  input  frequency 
(2  cpm  vs.  8  cpa).  Perforaance  was  scored  only  over  the  final  20  sec.  of  each 
30-sec.  trial  and  there  were  10  trials  of  daU  recorded  for  each  of  the  eight  con¬ 
ditions.  As  in  the  first  two  txperiaents,  average  error  served  as  the  perforaance 
aetrtc. 


Results  and  Discussion 

The  resulu  of  Exp.  Ill  were  essentially  negative.  As  shown  in  Fig.  8,  the 
vibratory  phi  display  under  all  cofvlitions  was  inferior  to  the  three-element 
vibratory  display  Thus,  not  only  was  there  no  advanUgc  to  the  more  "draMtlc” 
preienUtion  via  the  vibratory  phi  display,  but  performance  with  that  display 
located  on  S*s  back  was  quit*  inferior  to  the  three-element  vibratory  display  when 
S  at  temp  ted*”  to  track  the  b-cpa  input 


An  a  posteriori  explanation  of  the  inferiority  of  the  phi  displsy  cosms  froa 
remarks  aade  by  S  during  the  dau  collection.  His  coamenU  in  comparing  the  phi 
display  With  the^three-eleaent  vibratory  display  eaphtslied  the  "confusion”  intro¬ 
duced  by  the  presence  of  the  fourth  vibrator  (vibrator  F  In  Fig.  7).  The  con¬ 
fusion  was  said  to  be  one  of  discriminating  whether  vibFator  F  or  one  of  the  other 
three  vibrators  was  being  activated  at  a  particular  time  One  of  the  reasons  for 
this  lack  of  discriairwitton  is  that  the  vibratory  transducers  eiqciioyti  in  this 
research  were  rather  bi.iKy  Activat.^'n  any  one  ♦ransdurer  tended  to  spread 
vibraticfis  over  a  '■enSiderabie  area  cf  icng  at  the  display  tleaents 

C tfansd’ifers)  were  arrar,d«’d  along  a  hor .ior/^j  line  atioss  S*s  chest,  Uit  coi 
fusion  was  aininai  H<»wevef  .  when  *he  d« splay  toc»k  on  *wf»  dimensional  aspects, 
as  in  the  vibratory  phi  display,  ♦his  discr lair*a»  ion  lerreased  and  performance 
deteriorated 
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'■rnriude.  therefore,  that  a  vibratory  phi  effect  is  not  a  de- 
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Fig.  8.  A  ccwparison  of  tracKing  error  for  a 
vibratx)ry  phi  with  one  using  three  vibrators  under 
qucncies  and  two  locus  conditions.  Exp.  III. 
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SlfWARY  AMD  COHiaUSIONS 


Three  experiaents  were  coaplcted  which  explored  the  acctirtcy  huun  operators 
can  achieve  in  both  simple  and  coaplcx  control  tasks  when  input  and  output  infor¬ 
mation  are  displayed  via  the  tactual  sense  modality.  In  the  first  two  studies 
it  was  demonstrated  that  a  vibrotactilc  display  can  be  as  effective  as  a  visual 
display  provided  the  system  input  is  in  the  ultra  low  frequency  rai^e  (O  to  5  cpm) . 
Since  humans  normally  have  had  little  experience  with  meaningful  vibrotactile 
stimulation,  it  is  necessary  to  provide  the  operator  with  trainii^  in  control 
tasks  which  involve  such  displays.  It  is  conceivable  that  with  sufficient  train¬ 
ing  the  human  could  adequately  control  systems  with  inputs  involving  frequencies 
higher  than  $  cpm.  The  present  research  does  not  enable  one  to  predict  how  much 
training  would  be  required,  but  it  is  suggested  that  the  amount  would  be  con¬ 
siderable,  especially  for  higher  frequency  inputs. 

The  vibrotactile  display  was  particularly  effective  when  advanced  human  ci^i- 
neering  principles  were  employed  (quickening  and  super  quickenii^))*  It  is  unfor- 
tunaU  that  the  vibratory  phi  display  e}q>lored  in  Ejq>.  Ill  was  not  effective  since 
had  apparent  movement  been  an  effective  display  feature,  the  next  step  would  have 
involved  adding  a  truly  advanced  hwan  engineering  principle  to  the  display  cir¬ 
cuitry— the  Kelley  predictor  display  principle  (U).  As  poinUd  out  In  the  discus¬ 
sion  of  Exp.  Ill,  however,  the  failure  to  demonstrate  accurate  controllii^  with  a 
vibratory  phi  display  probably  was  due  to  the  rather  large  vibrators  employed  in 
this  stud^.  Kiniaturitatlon  of  the  vibrator  elements  would  be  expected  to  result 
in  a  more  localized  stimulation  with  a  concomitant  Increase  in  dlscriminability 
between  the  several  elements  of  the  vibrotactile  display. 

It  is  concl\Kled,  therefore,  that  a  vibrotactile  dlspliy  can  be  used  as  a 
substitute  for  visual  displays  in  coaplex  control  tasks  provided  (a)  the  man- 
machine  system  is  subject  to  ultra  low  frequency  Inputs  and  (b)  the  system  has 
been  subjected  to  quickening  or  svper  quickening  operstlons.  Thus,  a  vibrotactile 
node  could  be  an  effective  alternate  iiput  channel  for  the  process itp  of  input 
information  by  the  htmmn  operator  under  conditions  in  which  the  visual  senss  is 
degraded,  as  in  periods  of  high  G  strtss.  It  is  felt  that  the  above  resulU 
Justify  further  research  on  vibrotactile  displays  under  the  controlled  G  condi¬ 
tions  provided  by  a  human  centrifuge. 
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